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Abstract
The composites of thiourea and lithium niobate as well as lead titanate and barium titanate (thiourea fraction was 0.90 for all
cases) have been studied by dielectric spectroscopy close to structural phase transitions in thiourea. It was found that the hysteresis
increased and the temperature of ferroelectric phase transition from phase I to phase II decreased for all compositions investigated
in comparison with the same properties of polycrystalline thiourea. The largest lowering of the phase transition temperature was
observed for the thiourea and barium titanate composite. The results are analyzed within the framework of Landau–Ginzburg theory.
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This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Ferroelectrics; Dielectric permittivity; Composite; Phase transition; Spontaneous polarization.1. Introduction
Multicomponent materials combining diverse sub-
stances are called composites. Recently, the develop-
ment of composite materials based on ferroelectrics has
become one of the priority directions of research. These
structures are being considered as smart materials, the
properties of which depend on the environment.
Ferroelectric composites can be of various struc-
tures which are formed by polar particles in different
matrixes: in weakly or strongly polarizable ones, polar
ones, etc. The variation of matrix and filler composition,
weight fractions as well as dispersion degree allows pro-∗ Corresponding author.
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property set. It was revealed [1–7] that the interference
of component properties is possible for these systems.
Thus, it was shown that for the ferroelectric com-
posites (KNO3)1–x/(BaTiO3)x, (KNO3)1–x/(KNbO3)x,
(KNO3)1–x/(PbTiO3)x, (KNO3)1–x/(LiNbO3)x the broa-
dening of the ferroelectric phase existence interval
was observed for potassium nitrate [1–4]. For the
composites (NaNO2)1–x/(BaTiO3)х, the interaction
effect leads to the substantial growth of both real and
imaginary parts of dielectric permittivity as well as to
the widening of disproportionate phase temperature
range. The real part of dielectric permittivity ε׳ when
cooled from the paraphase to 273 K turns out to be less
than when heated, whereas the tangent of dielectric loss
angle demonstrates the inverse dependence [5]. The
research carried out [6,7] of dielectric permittivity and
the third harmonic for composites (TGS)1–x(BaTiO3)x иion and hosting by Elsevier B.V. This is an open access article under
0/).
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BaTiO3 and PbTiO3 particles in the objects discussed
lead to the increase in the phase transition temperature
of TGS, and the addition of barium titanate leads to the
rise of the ε׳(T) maximum of 5 K, whereas the addition
of the same amount of lead titanate leads to the rise of
only 3 K.
The influence of BaTiO3, PbTiO3 and LiNbO3 (parti-
cle size was from 5 to 30 µm) inclusion on the dielectric
properties and phase transition temperatures in the poly-
crystalline samples of thiourea has been studied in the
paper presented.
2. Samples and experimental technique
Thiourea crystals SС(NH2)2 demonstrate a compli-
cated sequence of structural phase transitions. At room
temperature the crystal belongs to the centrosymmetric
group Рnта (D162h) with cell parameters а = 7.65 ˚A,
b = 8.53 ˚A, с = 5.52 ˚A (phase V). When temperature is
reduced, nonpolar phase (IV) appears in the temperature
range from 202 to 180 K; polar phase (III) is formed
between 180 and 176 K with the spontaneous polar-
ization value being Рs = 2.5 µC/cm2; nonpolar phase
(II) exists between 176 and 169 K, and polar phase (I)
is formed below 169 K with spontaneous polarization
along the а axis being equal to Рs = 3 µC/cm2. The
dielectric permittivity values εb and εс virtually do not
depend on temperature, whereas εа at low temperatures
demonstrates the diversity of abnormalities [8].
In BaTiO3 crystals, three phase transitions of dis-
placive type are observed being accompanied with
structure and properties changes. Barium titanate
has several equivalent directions of polarization and
presents an example of a multiaxial ferroelectric. At the
temperature higher than 293 K, barium titanate has cu-
bical crystalline structure of perovskite type. This para-
electric modification belongs to the space group Pm3m.
Below the transition temperature Т0 = 293 K, phase
transition takes place, and to the temperature as low as
278 K BaTiO3 is ferroelectric with tetragonal symmetry
of P4mm class. Below 293 K, when cubical cell is dis-
torted, the spontaneous polarization Ps appears abruptly,
the value of which smoothly increases from 18 µC/cm2
near Т0 to 26 µC/cm2 at near-room temperature. At tem-
peratures below 278 K, the second phase transition takes
place and the crystal becomes rhombic. In the tempera-
ture range from 203 to 183 K, barium titanate undergoes
the third phase transition and at temperatures lower than
these it is of rhombohedral structure. Temperature hys-
teresis takes place for all phase transitions [9].
Lead titanate provides a classical example of
displacement-type ferroelectric. The crystal in para-electric phase belongs to the space group Pm3m. At a
temperature of 763 K PbTiO3 undergoes the first-kind
phase transition from the cubic perovskite phase into
the tetragonal ferroelectric phase which is isomorphic
to tetragonal one of BaTiO3. The properties of PbTiO3
in cubic and tetragonal phases are similar to those of
BaTiO3. PbTiO3 cell parameters at room temperature
are as follows: a = 3.904 ˚A, c = 4.150 ˚A, с/а = 1.063,
which indicates larger tetragonal lattice distortion
than in the case of BaTiO3, where с/а = 1.01. This
significant distortion causes substantial change of the
lattice when the ferroelectric transition occurs. PbTiO3
spontaneous polarization at room temperature is about
70 µC/cm2, which is almost three times larger than
this value for BaTiO3. However, dielectric permittivity
value, measured along the polar axis for BaTiO3 at
room temperature, lies within the limits of (2–4)·103,
whereas for PbTiO3 it is equal to (1,5–2,2)·102
according to Refs. [10,11].
Lithium niobate LiNbO3 is uniaxial ferroelectric
with rhombohedral structure (а = 5.47 ˚A, α = 53.72°,
space group R3c) and Curie temperature of 1483 K.
Though LiNbO3 crystals are not of perovskite struc-
ture, they possess the АВO3 lattice with oxygen octa-
hedrons. The sequence of distorted oxygen octahedrons
connected with their faces along the third-order axis с
is typical for these crystals at room temperature. Un-
like perovskite ferroelectrics, the relative displacement
of cations from the possible nonpolar sites is very large,
which leads to high values of spontaneous polarization
(app. 70 µC/cm2 at room temperature [12,13]).
Thiourea, barium titanate, lead titanate and lithium
niobate powders were used for making samples. Pow-
ders taken in corresponding volume parts were mixed
thoroughly, and samples in the form of tablets (12 mm
in diameter, app. 1 mm thick) were pressed under the
pressure of 6 t/cm2. Silver paste was used for electrode
deposition. Dielectric measurements were carried out
under heating and cooling rate of 1 K/min in the temper-
ature range from 77 to 300 K and frequency from 0.1 Hz
to 10 MHz by means of wide-band dielectric spectrom-
eter Novocontrol BDS-80.
3. Experimental data
Dielectric permittivity temperature dependences for
thiourea monocrystal and polycrystalline samples are
shown in Fig. 1. From the graphs it follows that three
phase transitions are observed for the monocrystal:
two of them (at 169 K and 176 K) are ferroelectric,
and the third one at 202 K is structural. Only two
transitions are observed for the polycrystalline sample.
There is no maximum at 176 K corresponding to the
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Fig. 1. Plots of the dielectric permittivity real part of thiourea mono- (1) and poly- (2) crystalline samples, vs temperature, at 10 kHz.ferroelectric phase transition on the dielectric permittiv-
ity temperature dependence. The dielectric permittivity
ε′ values in the curve maximum are significantly
different for samples studied: for the monocrystal ε′ is
equal to app. 6000 along the polar axis, whereas for the
polycrystalline sample it is about 20, which is caused
by the SС(NH2)2 crystal uniaxiality.
3D temperature–frequency dependence of dielectric
permittivity real part for the (SС(NH2)2)0,90(BaTiO3)0,10
composite sample on cooling is presented in Fig. 2. As
it follows from the plot, the presence of barium titanate
particles leads to the increase of dielectric permittiv-
ity at low frequencies and for temperature higher than
230 K, which is caused by interlayer polarization.
Temperature dependences of dielectric permittivity
real part for composites studied and polycrystalline
thiourea sample are presented in Fig. 3. It follows from
the graphs that only two abnormalities of ε′(Т) corre-
sponding to the first ferroelectric transition and to the
structural transition are observed for all composites as
well as for polycrystalline thiourea. Virtually, structural
phase transition temperature does not change for all
composites being equal to 202–203 K, whereas the fer-
roelectric transition temperature is different for heating
and cooling and depends on the inclusion type.
4. Results and discussion
The main experimental results are as follows:
(a) an addition of BaTiO3, PbTiO3 and LiNbO3 parti-
cles to SС(NH2)2 leads to the additional diffusionof ferroelectric and non-ferroelectric phase transi-
tions in comparison with transitions in polycrys-
talline thiourea;
(b) the largest values of dielectric permittivity
are observed for (SС(NH2)2)0,90/(BaTiO3)0,10
composite; these values for the composite
(SС(NH2)2)0,90/(PbTiO3)0,10 are lower, and for
(SС(NH2)2)0,90/(LiNbO3)0,10 composite, dielec-
tric permittivity values virtually coincide with
corresponding values for pressed sample of
SС(NH2)2;
(c) temperature hysteresis of ferroelectric phase tran-
sition amounts 2 K for SС(NH2)2, whereas
this value for composites increases up to
3 K for (SС(NH2)2)0,90/(LiNbO3)0,10, 4 K
for (SС(NH2)2)0,90/(PbTiO3)0,10 and 5 K for
(SС(NH2)2)0,90/(BaTiO3)0,10, and as the hystere-
sis value increases, the gradual reduction of ferro-
electric phase transition temperature is observed.
Experimental results described above are to be dis-
cussed in terms of Landau–Ginzburg theory. It should
be agreed that this discussion is evaluative as currently
there is no theory describing the properties of ferroelec-
tric composites.
The existence of internal electrical and mechanical
fields is one of the reasons for phase transition diffusion
[14], leading to the disruption of the polarization
direction invariance and requiring to take into account
the odd powers of Р. The possibility of Р invariance
disruption was mentioned in Ref. [15]. The feature of
blurred phase transition is the extension over definite
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Fig. 2. Plots of the dielectric permittivity real part of (SС(NH2)2)0,90/(BaTiO3)0.10 composite sample, vs temperature and frequency, on cooling.
Fig. 3. Plots of the dielectric permittivity real part on heating and cooling at 1 MHz vs temperature of the samples: (SС(NH2)2)0.90/(BaTiO3)0.10
are marked with rhombs; (SС(NH2)2)0,90(PbTiO3)0,10 with triangles; (SС(NH2)2)0.90/(LiNbO3)0.10 with squares; SС(NH2)2 with circles; filled and
empty markers correspond heating and cooling respectively.temperature interval. This causes the corresponding
behavior of crystal physical properties which cannot be
described by common thermodynamic theory of phase
transitions. However, this behavior can be explained
sufficiently clear on the base of Frenkel phase fluctu-
ations model [16], which received a large development
effort in Refs. [14,17]. It is supposed in the model that
at temperatures close to the phase transition point a
crystal divides into Kenzig areas, the number of which
decreases gradually [14].
Increase of composite dielectric permittivity is pro-
portional to values of interstitial particles dielectricpermittivity; however, it is impossible to describe ef-
fective values of dielectric permittivity by any equation
for mixtures including equations obtained for ferroelec-
tric composites [18–20]. This situation can be explained
by the fact that these equations do not take into ac-
count the interlayer polarization occurring at the grain
boundaries.
In order to understand why Curie temperature de-
creases and temperature hysteresis of ferroelectric phase
transition increases for thiourea with polarized inclu-
sion particles, possible mechanisms of processes occur-
ring are to be discussed. For this purpose an array of
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from each other is to be studied. In this case the den-
sity of Gibbs free energy for the system of microparti-
cles can be expressed by a sum of particles energy and
their interaction energy. To describe thiourea phase tran-
sition free energy decomposition can be used according
to Landau–Ginzburg theory [21], where the polarization
value represents the order parameter. Besides, it is nec-
essary to take into account the contribution of electrical
interaction of BaTiO3, PbTiO3 or LiNbO3 dipole parti-
cles with SС(NH2)2 matrix.
Landau–Ginzburg decomposition for the free energy
density should include the energies of matrix (thiourea),
of inclusion particles (BaTiO3, PbTiO3 and LiNbO3)
and of their interaction with matrix. As the influence
of various polar inclusion particles on thiourea proper-
ties is considered, to a first approximation it is possi-
ble to throw away the energy of small particles, and the
Landau–Ginzburg expansion for SC(NH2)2 can be writ-
ten as a potential of an inhomogeneous system [21] and
the interaction energy Fdd
F = 1
2
αo (Tc − T ) P2 (r) + 14βP
4 (r) + 1
6
γ P6(r)
+ 1
2
λ(∇P (r))2 + Fdd . (1)
λ coefficient refers to the type of heterogeneity, and
electrical interaction of components is taken into ac-
count as dipole–dipole interaction energy:
Fdd = −
∑
i
p∗i E
∗
i
=
∑
i, j
∫
V
∫
V
⎡
⎣p∗i p∗j
r3i j
−
3
(
ri jp∗i
) (
ri jp∗j
)
r5i j
⎤
⎦dVidVj,
(2)
where Vi, Vj and pi, pj are volumes and polarization of
SС(NH2)2 and inclusion particles respectively; rij is an
extrapolation length determined by the distribution of
particles in the sample.
At considering electrical interaction of dipole parti-
cles in polarizable medium it is necessary to take into
account the difference between the field acting on a
dipole and the macroscopic field. This difference leads
to appearance of effective dipole moments p∗ and some
effective field Е∗ acting on the ith dipole from the
nearest particles [22,23], in dipole–dipole interaction
energy. It was shown that strongly polarizable ma-
trixes do have features connected with space disper-
sion of dielectric permittivity which is significant for
these matrixes (see Ref. [24] and references in it). Thus,the local field is determined by
E∗ (r) =
∑
q
eiqr
[
4π
3
LPq − 4πqq2 (qPq)(1 − δqo)
]
,
(3)
where Pq is Fourier-component of polarization, L is the
local field factor in the place of dipole location.
The first component in Eq. (3) considers the dif-
ference between local and external fields acting on a
dipole and is in Lorentz form. The second component
of Eq. (3) corresponds to macroscopic field averaged
over some elementary volume. Kronecker symbol δq0
takes into account that when the polarization in the sam-
ple is homogeneous, the macroscopic field is equal to
zero. The L factor dependence on particle dipole mo-
ment was qualitatively analyzed in Ref. [25] in terms of
point dipole model.
Composites studied have the same inclusion particle
size, the same percentage, but differ in values of spon-
taneous polarization and dielectric permittivity. When
comparing interaction energies of inclusion particles
(BaTiO3, PbTiO3, LiNbO3) and matrix (SС(NH2)2), it
is supposed that internal field is produced by the matrix
in ferroelectric phase and is the same for all composites
(i.e. Еi∗  0 at Т < Тс and Еi∗ = 0 at Т > Тс), then:
Fdd =
∑
i
p∗i E
∗
i =
∑
i
(P∗si + αE∗i )E∗i
=
∑
i
[
PsE∗i + (ε − 1)(E∗i )2
]
≈
∑
i
[
P∗s E
∗
i + ε(E∗i )2
]
, (4)
where α is polarizability, Ps is spontaneous polarization
of inclusion particles, ε is their dielectric permittivity.
It follows from Eq. (4) that the dielectric permittivity
value has stronger effect on the energy Fdd than sponta-
neous polarization of particles. Moreover, as ferroelec-
tric phase transition in SС(NH2)2 is a first-order phase
transition, free energy undergoes discontinuity ± 	Fdd.
Eq. (1) shows that, taking interaction into account,
phase transition temperature ˜To of a composite be-
ing compared with phase transition temperature T0 in
isotropic samples of SС(NH2)2 is determined by
˜To = To + 1
α
	Fdd = To + 1
αo
∑
i
p∗i E
∗
i . (5)
According to Eq. (2), dipole–dipole interaction en-
ergy Fdd depending on dipole moment orientation can
be both positive and negative. However, from the fact
that significant electric fields (app. 105 V/cm [1])
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be supposed that polarization of SС(NH2)2 matrix near
inclusion particles is of the same direction as particle
polarization. Then, it follows from Eq. (2) that Fdd < 0,
which leads, in turn, to the Curie temperature decrease.
For temperature range of 100–200 K, axis-average
dielectric permittivity value ε׳ for barium titanate varies
in the range of 300–500, and Ps is from 8 to 12 µC/cm2
[9]; for lead titanate ε׳ value is in the range of 80–90
and Ps is equal to 50–60 µC/cm2 [10]; for lithium
niobate ε׳ is in the range of 40–48 and Ps is in
the range of 70–75 µC/cm2 [10]. It follows that the
strongest dipole–dipole interaction and the largest en-
ergy discontinuity at the phase transition are observed
for the (SС(NH2)2)0.90/(BaTiO3)0.10 composite. It can
be seen from the dielectric permittivity temperature
dependence, and these discontinuities appear to be
significantly less for (SС(NH2)2)0.90(PbTiO3)0.10 and
(SС(NH2)2)0.90(LiNbO3)0.10.
5. Summary
The study has shown that the addition of polar parti-
cles (BaTiO3, PbTiO3 or LiNbO3) into SС(NH2)2 leads
to dielectric permittivity increase and phase transition
diffusion. Barium titanate particles have the greatest ef-
fect on SС(NH2)2 properties, which appears in the de-
crease of ferroelectric phase transition temperature and
in the increase of temperature hysteresis. The power of
effect is determined by the value of inclusion particles
dielectric permittivity.
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